Citrinin was given to rabbits as a single oral dose of 120 or 67 mg/kg. Rabbits were killed at 4, 6, 8, 10, and 12 hours post dosing, and the kidneys were fixed by intravascular perfusion. Ultrastructural alterations were evident by 4 hours after treatment. In the proximal tubule, alterations were brush border disruption, cytoplasmic rarefaction, and swelling of interdigitating processes. At higher doses, mitochondria were condensed and distorted. Medullary and straight cortical distal tubules had marked distention of the intercellullar spaces and disorganization of interdigitating processes. Changes in cortical and outer medullary collecting ducts were similar but less severe. Renal alterations were suggestive of damage to membrane structure and/or transport functions and interference with cellular bioenergetics. Leukocytic infiltration was associated with damaged tubules indicating a contribution of inflammation to the development of the lesions.
Citrinin, a secondary metabolite of various species of Aspergillus and Peni~illiurn,~~ has been found as a contaminant in moldy cereal grains20.22 and feeds associated with outbreaks of porcine mycotoxic nephropathy in Denmark.2L Citrinin is nephrotoxic in rodent specie^,^^^^ the and p o~l t r y .~~-~~ Although the specific segment of the nephron affected has varied, citrinin consistently caused tubular cell necrosis and desquamation with granular cast formation. In the rabbit, citrinin caused degeneration and necrosis of tubular epithelial cells primarily of the proximal convoluted tubules and straight segments." Cytoplasmic swelling and vacuolation were present 8 hours after citrinin treatment followed by brush border smudging, tubular necrosis, and desquamation of epithelial cells by 12 hours. Clinicopathologic alterations indicating acute renal failure were present within 24 hours after treatment. lO Ultrastructural alterations of citrinin nephrotoxocity have been described in the dog1' and rat.23 Dogs given repeated daily doses of citrinin intraperitoneally had mild proximal tubular alterations including cytoplasmic disarray, dilation of the cisternae of endoplasmic reticulum, and mitochondria1 swelling and degeneration. Similar lesions were more common in the distal tubular epithelium and were accompanied by numerous lipid-filled cytoplasmic vacuoles. Renal ultrastructural alterations in the rat 24 hours after a single dose of citrinin were confined to the proximal convoluted tubules and consisted of cytoplasmic vacuolation followed by necrosis and mineralization by 48 hours.
The purpose of this study was to investigate early sequential renal ultrastructural alterations following a single dose of citrinin in the rabbit.
Materials and Methods
Citrinin, produced and purified as previously des~ribed,~' was dissolved in 0.5 N NaOH and rapidly adjusted to neutral pH with HC1.
Male Dutch belted rabbits weighing 1-2 kg (8-10 weeks of age) obtained from a local breeder were housed individually in stainless-steel cages on wire mesh and were given feed (Wayne Rabbit Ration, Brookston Feed Co., Brookston, IN) and water ad libitum. Test rabbits were given a single oral dose of 120 or 67 mg/kg citrinin. Groups of two or three rabbits of each dose group were anesthetized at 4, 6, 8, 10, and 12 hours after treatment and given 500 units of sodium heparin (Panheprin, Abbott Laboratories, North Chicago, IL) intravenously. The thoracic cavity was opened surgically and rabbits were perfused via the left ventricle with Trump's fixative containing 4% formaldehyde and 1 O/o glutaraldehyde in a Millonig's phosphate buffer of 176 mO~m/liter.~~ Fixative was administered by gravity flow through a 12 gauge cannula for a total volume of 0.5-1.0 liter. The right kidney was rapidly removed and processed for light and electron microscopic examination. Three control rabbits were given similar volumes of solvent and were perfused by the same procedure 6 hours after treatment.
For light microscopy, transverse sections including cortex, medulla, and papilla were fixed in neutral buffered 10% formalin, dehydrated, embedded in paraffin, sectioned at 6 lm, and stained with hematoxylin and eosin and periodic acid-Schiff s (PAS) stain.
For electron microscopy, transverse sections of cortex and cortico-medullary region were minced into 1 mm cubes. Tissue samples were placed in the fixative solution and refrig-erated for up to 36 hours. Samples were post-fixed in 1% osmium tetroxide in Millonig's phosphate buffer, dehydrated in alcohols, and embedded in Poly/Bed 8 12 (Polysciences, Inc., Wamngton, PA). Semi-thick sections approximately 1 pm thick were cut with glass knives and stained with methylene blue-azure 11. After areas of interest were identified, thin sections were cut, stained with uranyl acetate and lead citrate, and examined with a JEOL JEM-1 OOCX electron microscope.
Results

Proximal tubules
Morphology of the various segments of proximal tubules, distal tubules and collecting ducts of control rabbits was consistent with that described for the rabbit. l6 Histopathologic alterations of affected rabbits were similar in the high and low dose rabbits and were most severe in the medullary rays and outer stripe of the medulla. Six hours after treatment, brush border smudging and disruption and mild cytoplasmic vacuolation were evident. Vacuoles were usually nonstaining except for a few containing PAS-positive droplets. At 8 hours, scattered necrotic proximal tubular epithelial cells with condensed cytoplasm and pyknotic nuclei were evident. Clusters of tubules were generally involved with adjacent tubules apparently less affected. These lesions progressed in extent through 12 hours.
Ultrastructural alterations primarily involved the S2 and S3 (second and third)I6 segments of the proximal tubules with the earliest alterations occumng in S3 of the outer stripe of the medulla. Alterations progressed in severity and extent from involvement of scattered cells and tubules to degeneration of entire tubular profiles in both cortex and outer medulla; although, at 12 hours normal and mildly affected tubules were also seen. Except where noted, changes were similar in the high and low dose groups.
The earliest alteration was disruption of the microvillous brush border, evident at 4 hours in S3 segments and in S2 segments by 6 hours (Fig. 1 ). Focal to extensive areas of apical cell margins were denuded of microvilli and covered by a smooth cell membrane.
A few ballooning vesicular structures surrounded by thin membrane-bound cytoplasmic processes were present within the brush border or apical cytoplasm. In a few tubules, clubbed microvilli, single membranebound vesicles or cytoplasmic blebs were present. A few elaborate membranous whorls were present in regions of degenerating brush border.
By 6 hours, some affected cells had mild dilation of the apical vacuolar apparatus (Fig. 2 ). More severely altered cells had focal aggregates of mildly dilated smooth endoplasmic reticulum.
Variation in cytoplasmic density was noted at 4 hours. By 6 hours, the epithelial cells of S2 and S3 segments frequently had patchy areas of decreased cytoplasmic density. These lucent areas were in either the apical or basal portions of the cell. When in the apical portion of the cell, the alteration was accompanied by apical swelling and protrusion of the cell into the lumen. Basilar lucency was accompanied by swelling, distortion and disorganization of interdigitating processes (Fig.  3) . Lucent areas were characterized by low granularity and decreased numbers of organelles. At 8 hours, some lucent areas contained clear membrane-bound vacuoles or non-membrane bound droplets. Often, the intercellular spaces adjacent to areas of cytoplasmic lucency were dilated. Also, at 8 hours, variability in cell size and shape was observed with some cells swollen while others appeared attenuated. Some intercellular spaces were dilated. At 12 hours, the alterations were severe diffuse cellular swelling and disorganization and rupture of many cells with exposure of the basal lamina in a few areas.
Mitochondria in S2 and S3 segments of high dose rabbits appeared distorted and condensed 6 hours after treatment (Fig. 2) . Ring-shaped, C-shaped and concentric mitochondria1 profiles were more common than in controls. Mitochondria generally were attenuated with increased matrical density and compact cristae. Such mitochondria were not prominent in low dose rabbits. Mitochondria in severely swollen cells with ruptured cell membranes had high amplitude swelling and dense matrical granules.
Nuclear alterations were rare except for specimens taken at 12 hours post dosing. Some nuclei were characterized by peripheral chromatin clumping or pyknosis. Other organelles appeared unaltered except in severely distorted, ruptured cells. Myeloid bodies or membranous whorls in areas of cytoplasm devoid of other organelles were present in severely distorted cells.
As early as 4 hours after treatment degenerate cells or cellular debris were present in some tubular lumens.
Distal tubules
Histopathologic alterations were similar in the high and low dose rabbits, and alterations were observed in c Fig. 4 . Straight cortical distal tubule, rabbit 12 hours after 67 mg/kg citrinin. Intercellular spaces are distended and contain a small amount of granular material. Arrows = basal lamina. L = lumen. Bar 1 pm. the distal straight segments of the outer medulla and, to a slightly lesser extent, the medullary rays. Changes consisted of vacuolation of tubular epithelium, progressing to desquamation and loss of cells, attenuation of cells, and individual cell necrosis. Vacuolation of renal tubular epithelium was evident by 4 hours after treatment. Vacuoles were large and unstained except for a few PAS-positive granules or droplets. By 6 hours, individual cells were necrotic, as characterized by nuclear pyknosis, cytoplasmic condensation and desquamation. These changes increased in extent and severity for the duration of the study, and at 12 hours entire tubular profiles within medullary rays were necrotic.
Ultrastructurally, most vacuolar structures were continuous with the intercellular space and represented dilatations of this space (Fig. 4) . Most spaces appeared empty, but some contained fragments of membranous debris. Specimens obtained after 6 hours had marked distortion of cell shapes and attenuated cell processes that covered the basal lamina or protruded into the tubular lumens suggesting cell loss (Fig. 5) . Tight junctions generally appeared intact in areas of intercellular dilation but were not identified in some areas of severe cellular attenuation, distortion and loss. Double membrane-bound cytoplasmic inclusions, suggestive of abnormally-oriented cytoplasmic processes of adjacent cells, frequently contained disorganized or distorted organelles or large homogeneous electron dense inclusions ( Fig. 6 ). Cytoplasmic density varied within and between cells, and mitochondria in areas of cytoplasmic lucency were sometimes rounded. Some affected cells had aggregates of dilated smooth endoplasmic reticulum. As early as 6 hours after treatment, and with increasing frequency with time, a few nuclei had peripheral chromatin clumping or pyknosis sometimes within a cell with no other alterations. A few ruptured cells were present after 6 hours. By 12 hours, some tubules had marked dilation of basilar extracellular spaces with accumulated fibrillar or granular material. After 8 hours and with increasing frequency and severity through 12 hours, tubular lumens at all levels of the distal tubules contained cellular debris and dense granular material suggestive of protein (Fig. 7) . Ultrastructural alterations, like those visible with light microscopy, involved the distal straight segments of the outer medulla and medullary rays and were similar in the two dose groups. The proportion of affected tubules varied, and many distal tubules were either normal or only mildly affected at 12 hours.
Collecting ducts
Histopathologically, the collecting ducts were less affected than other tubular segments. After 6 hours, necrotic cells were present in the lumens of some intact 6PZ Fig. 9 . Renal cortex, rabbit 12 hours after 67 p/kg citrinin. Heterophils infiltrate a distal tubule. The tubular lumen (L) and dilated intercellular spaces (S) contain granular to fibrillar material. One heterophil has penetrated the basal lamina (arrows); two heterophils are within tubular intercellular space. There is disruption of the brush border of the proximal tubule at lower left. Bar = 1 hm. plasmic density was associated with non-membranebound clear droplets in areas of cytoplasmic lucency (Fig. 8) .
Other changes
Significant renal morphologic alterations were restricted to the tubular nephron; the glomeruli, loops of Henle, and interstitial components appeared normal. The only other significant alteration involved leu-kocytes and platelets. At 6 hours after treatment with 120 mg/kg citrinin, platelet clumps and pavemented leukocytes, primarily heterophils, were present in scattered capillaries of the outer medulla and medullary rays (Fig. 5 ). Twelve hours after treatment at both doses, heterophils were frequently found in close apposition to capillary endothelium adjacent to proximal or distal tubules or free within the interstitium. Extravasated heterophils were most often seen in association with degenerating distal tubules, and some tubular profiles had infiltrations of numerous hetrophils through the basal lamina into the intercellular space ( Fig. 9 ).
Discussion
Segments of the nephron affected by citrinin toxicosis have varied in different species and in different reports. In the rat, some researchers reported that damage was limited to the proximal convoluted tubule^,^^.*^ while others reported that citrinin affected proximal straight segments and distal convoluted t~bu1es.l~ In the dog, Carlton et al. described necrosis of the proximal and distal straight segments and distal convoluted tubules, and Kitchen et al. found degeneration of proximal and distal tubules, and collecting ducts.17J9 Citrinin damaged proximal tubules of the guinea pig33 and swine,s cortical straight segments and distal convoluted tubules in the hamsteP and cortical straight segments in the mouse.I3 While species variations in response are possible, the discrepancies might be resolved by sequential examination of tissues fixed with a consistent procedure of perfusion fixation and examination of semi-thin or thin sections.
In the proximal tubule of the rabbit, S2 and S3 segments were the most severely affected. The S3 segment has been found the most susceptible to damage by a variety of toxins and i~chemia.~ Citrinin as an organic anion was secreted by the proximal tubular anionic transport system which transported p-aminohippurate (PAH).I Organic anion transport in the rabbit was primarily located in the straight segment of the proximal which is comprised of S2 and S3 segments.16 This transport mechanism can result in high intracellular concentrations of transported substances which could explain the localization of citrinin-induced damage to these segments.
Distal tubules and collecting ducts have not been frequently reported as targets of nephrotoxic injury. Cisplatin caused necrosis of both proximal and distal tubules in the corticomedullary region of the rat4 and injury was correlated with high tissue concentrations of platinum in this region. In the rabbit, anatomical vascular-tubular relationships allow for recycling of substances secreted by the S3 segment resulting in the trapping of substances in the outer stripe of the medulla.16 This mechanism could have resulted in high concentrations of citrinin in this region of the rabbit kidney accounting for the injury to the various tubular segments.
In this study, the earliest morphologic alteration was disruption and loss of the brush border of the proximal tubules. This early change was reported with nephrotoxic injury induced by various compounds including c h r~m a t e ,~ cisplatin5 and ~ephaloridine.~~ Distortion of interdigitating cell processes in the proximal and distal tubules was observed in this study and might be analogous to simplification of lateral interdigitations reported with cephaloridine toxicity in the rabbit.32 According to Trump and A r~t i l a ,~~ acute lethal cellular injury results through alteration of cellular membrane functional properties such as transport or permeability, or inhibition of ATP synthesis as with anoxia or ischemia. The citrinin-induced lesions in several studies differed from those produced by hypotension,6 i~c h e m i a~.~~ and inhibition of mitochondrial respirat i~n ,~~ suggesting that damage induced by citrinin was more likely related to an effect on membrane function. Besides alteration in membrane shape, membrane abnormalities could be manifested as disruption of transport systems or alteration in permeability. The distention of intercellular spaces observed in our rabbits might be due to such effects with resultant fluid and/or electrolyte shifts.
Cytoplasmic rarefaction in regions of cellular apices and interdigitating processes may have represented focal fluid accumulation. The initial localization of this lesion to the basilar or apical regions, areas of complex membrane structures such as microvilli, and baso-lat-era1 interdigitations supported membrane dysfunction as the cause of the lesion. Changes in viscosity and electron density of the cell sap are poorly understood but may be related to divalent cation on cent ration.^' Areas of cytoplasmic "disarray" described in Beagle dogs given citrinin17 were similar to the cytoplasmic alterations seen in the rabbit. Massive generalized cytoplasmic swelling appeared to develop just before rupture of the cell membrane. This stage resembled the "point of no return" described by Trump and B~l g e r~~ and may have resulted from the entry of certain extracellular substances into the cell because of progressively altered membrane permeability.
Mitochondrial condensation in the proximal tubules, characterized by increased matrical density and compact cristae with numerous attenuated, ring and C-shaped and concentric mitochondrial profiles, was more prominent in high-dose than low-dose rabbits. These findings were in contrast to mitochondrial swelling reported in the citrinin-treated rat and dog.17 However, in these studies, the animals were not examined at time periods comparable to those of this study. In previous studies, rabbits given 100-1 30 mg/kg citrinin orally were inactive and developed fluid diarrhea while those given 67 mg/kg appeared clinically normal.'O The possible contribution of shock and renal hypoperfusion to the development of the renal lesion was considered. Mitochondria1 alterations similar to those in our rabbits occurred in the kidneys of rats after 15-30 minutes of ischemia and were followed by mitochondrial swelling.9 It may be that this change represented a transient response to ischemia. According to Trump and Merg-ner,37 mitochondrial condensation may follow metabolic stimulation such as respiratory stimulation by increased ADP concentrations or increased transport activity due to altered membrane permeability. Citrinin caused inhibition of respiration and decreased dehydogenase activity in the rat kidney.I2 Citrinin-induced alterations in ADP content, in respiratory activity, and in membrane function could all have contributed to alterations in mitochondrial configuration.
Leukocyte infiltration in kidneys of animals treated with citrinin has not been reported in species other than the rabbit. ' I Interstitial fibrosis was observed in rabbits" and rats22 given repeated doses of citrinin and in swine8 and ducklings28 fed citrinin. Although not established, heterophil infiltration in response to tubular degeneration and necrosis might represent the beginning of an inflammatory response leading to basal lamina damage and interstitial fibrosis. In our rabbits, the tubular basal lamina appeared to remain intact, but reported tubulorrhexis 72-96 hours after citrinin administration in the rat. At later time periods than the period examined in this study, increased leukocytic infiltration through the basal lamina, increased cell loss, and tubular collapse could lead to damage to the basement membrane. Disruption of the basement membrane might interfere with tubular regeneration resulting in interstitial changes which would hinder complete renal repair following the toxic insult.
Renal ultrastructural alterations induced by citrinin implied damage to cellular membranes. This effect could be primary or could be a reflection of interference with energy production. Although this study did not define the mechanism of citrinin's nephrotoxicity, the results suggested that citrinin could have several tissue and cellular targets, and renal damage might be potentiated by inflammation.
